The clinical implications of biallelic inactivation of CDKN2A/B in clear cell renal cell carcinoma (ccRCC) and relevant dysregulated biological pathways and gene signatures were investigated.
INTRODUCTION
Renal cell carcinoma (RCC) is the most prevalent neoplasm of the adult kidney and the incidence of RCC continues to increase (1) (2) (3) . Alarmingly, and despite advances in early detection and treatment, the incidence of RCC is not accompanied by a decrease in the rate of mortality, (3) .
RCC is comprised of several histopathological subtypes, of which the most common (∼75%) is the clear cell subtype (ccRCC), where the biallelic inactivation of VHL presents in most sporadic ccRCC cases. However, in the absence of other markers, the limitations of histology for this subtype define a challenge hindering clinicians from gauging appropriately the clinical outcome and treatment response, as ccRCC is remarkably heterogeneous at the molecular level. Furthermore, the coordinated interplay of multiple regulatory mechanisms (copy-number alterations, methylation changes, mutations, miRNA regulation, etc.) on cancer-associated genes is also poorly understood in these cancers. Thus, determining the influence of genetic and epigenetic alterations on the expression of cancer related genes and their impact on biologic pathways remains a complex endeavor in ccRCC. Deeper delineation of the molecular pathology of ccRCC by surveying and investigating these genetic and epigenetic changes and their effects on key molecules and their respective biologic pathways is of crucial importance for the improvement of current diagnostics, prognostics, and the tailoring of treatment of options (4) .
Recent large-scale efforts from The Cancer Genome Atlas (TCGA) cataloguing 400 ccRCC tumors for genetic and epigenetic alterations have revealed novel mutations of SETD2, BAP1, ARID1A and PBRM1, among other significantly mutated genes with less prevalence than VHL (5) .
Notably, mutations of the tumor suppressors, BAP1 and SETD2, located at 3p21, were associated with adverse clinical outcomes in ccRCC. This locus is subject to copy-number loss in the majority of ccRCC cases and, thus, complete inactivation by combination of mutation and copy-number loss of these tumor suppressors has proved to be prevalent (6) . Furthermore, a study using the TCGA dataset demonstrated that the tumor suppressor PTEN is subject to biallelic inactivation (combined copy number loss and mutation) in 2.6% of cases. This scenario was significantly associated with worse overall survival and higher stage and grade compared to tumors with monoallelic loss and diploid tumors (7) . Hence, identifying tumor suppressors subject to biallelic inactivation in ccRCC may provide insight into clinically and biologically relevant subpopulations of tumors to help explain their observed clinical variability.
The 9p21 region is implicated in a variety of cancers and encodes for the tumor suppressor genes CDKN2A/2B and their associated isoforms: p16INK4a, p14ARF, and p15INK4b (CDKN2B).
These proteins regulate progression of cellular proliferation through blockade of cyclin/CDK-4/6 complexes, preventing cell division during the G1/S phase of the cell cycle and perturbation of their synthesis may lead to dysregulation of cell growth (8, 9) . Several studies, including the TCGA, have identified homozygous deletion of the tumor suppressors CDKN2A and CDKN2B in ccRCC (10) (11) (12) . Loss of CDKN2A in ccRCC is due in part to monoallelic deletion (loss of heterozygosity, LOH) and is associated with poor prognosis, increased stage and metastasis (13, 14) . Furthermore, a recent study reported 9p monoallelic loss as an independent marker of risk of recurrence and RCC-related mortality (15) . However, complete inactivation of CDKN2A is relatively rare in ccRCC as CDKN2A mutation and homozygous deletion is uncommon (5) . Also, more recently, loss-of-function germline mutations of CDKN2B were shown to predispose to RCC providing further evidence of the importance of biallelic inactivation of CDKN2B as a driver to carcinogenesis of RCC (16) . A detailed constitutive analysis of CDKN2A/B biallelic inactivation in association with genome-wide genetic and epigenetic alterations, as well as clinical data was performed, to determine the importance of CDKN2A/B inactivation in ccRCC.
MATERIALS AND METHODS

TCGA Data Acquisition
Data were obtained from level 3 TCGA data sets from the 'KIRC Archives', including SNP copynumber, gene and miRNA expression, methylation, and protein and clinical data using the January 2016 analysis run firehose from the Broad Institute's Genome Data Analysis Centre (http://gdac.broadinstitute.org/runs/stddata__2016_01_28). TCGA data types, platforms, and methodologies are as described previously (5) . Briefly, data were generated at TCGA Genome Data Analysis Centers. Whole exome sequencing was performed with the Illumina® and SOLiD® platforms. Putative copy number alterations were estimated using the GISTIC2.0 method with the Affymetrix® SNP 6 platform (17) . Normalized RSEM was used to estimate mRNA expression (18 
Gene Set Association Analysis (GSAA) for RNASeq analysis
Gene Set Association Analysis (GSAA) was conducted to assess the distribution of underexpressed and overexpressed sets of genes in relation to their genomic location and identify effects of copy number losses or gains on mRNA expression for the three separate allelic phenotypes of CDKN2A/B: Biallelic inactivated, monoallelic lost and diploid tumors (26) .
Enrichment of gene sets was based on the Molecular Signatures Database version 5.1
(msigdb_v5.1.xml). GSAA was conducted between the allelic phenotypes with 1000 permutations, minimum priori of 5 genes, and nominal p value < 0.01. GSAA was also conducted for pathway and gene signature analysis to identify significantly enriched biological pathways and signatures from the literature.
miRNA expression analysis
The "Level 3" TCGA miRNA dataset was used for analyzing differential expression in a total of 173 cases of the three different subgroups; biallelic inactivation, monoallelic loss and diploid tumors. Upper quartile normalization was applied on read count values as previously described to account for artefacts generated by large expression changes in the most prevalent miRNAs (27) .
Volcano plots were generated applying 0.5 (x) and 0.05 (y) thresholds on log2(Mean ratio) values and 5% significance level using XLSTAT (Addinsoft XLSTAT ver. 18.07; www.xlstat.com).
Gene-specific Methylation analysis
Methylation changes for candidate genes were assessed using matched "Level 3" TCGA ccRCC methylation data. A b-value difference of 0.35 between tumor and normal kidney was selected as the threshold for hypermethylation (>0.35) or hypomethylation (<-0.35) as previously described (28) . TCGA data types, platforms, and methodologies are as described previously (The Cancer Genome Atlas Research Network 2008).
RESULTS
Biallelic and Monoallelic Deletions of CDKN2A/2B in ccRCC
Fifteen cases (3.4%) of the 440 cases surveyed presented with homozygous deletion of CDKN2A/B, and 2 cases (0.5%) with a combined copy-number loss and deleterious mutation of CDKN2A ( Figure 1 ). A total of 5 CDKN2A mutations in 5 of 440 ccRCC cases were observed (Supplementary Table 1 ). Missense CDKN2A mutations with at least a medium functional impact score or significant CHASM score (See Materials and Methods) were assumed to induce significant loss of function (29) (30) (31) . Two cases presented with a missense mutation demonstrating a significant functional impact score. The remaining two deleteriously mutated cases coinciding with copy-number loss of CDKN2A presented with an in-frame insertion and nonsense mutation.
No mutations were observed for CDKN2B. Monoallelic deletions of CDKN2A/2B were observed in 116 cases (26%). Low level gains were observed in 7 cases (1.6%). Further investigation of whether CDKN2A/B allelic status was associated with significant enrichment for regions of copy number alteration and mutations in ccRCCs was conducted. Genome-wide copy number changes and mutations in 440 ccRCCs from the TCGA (see Materials and Methods) were analyzed.
Significant co-occurrence of MTAP homozygous deletion was observed with CDKN2A homozygous deletion (46.7%; p<0.001; Figure 1 ) consistent with previous reports of co-occurring deletion of these two genes (32) .
Clinical Associations of CDKN2A/2B Allelic Status
A higher proportion of cases with monoallelic deletion were male (p <0.001), however no significant difference was observed for biallellic deletion. Allelic status was also significantly associated with age with higher median age among cases with biallelic deletion compared to diploid tumors (p = 0.047). Biallelic and monoallelic deletions were also significantly more frequent in higher grade and stage tumors compared to diploid tumors (p <0.001). The presence of metastasis on presentation was significantly more frequent among biallelic and monoallelic tumors (p <0.001). Also, tumors greater in size than 4cm were significantly enriched for biallelic and monoallelic tumors (p = 0.002). No significant difference was observed for patient ethnicity, race and lymph node metastasis (Table 1) .
mRNA and Protein Expression levels of CDKN2A/B
The median CDKN2A and CDKN2B RNA expression levels were significantly lower in tumors with biallelic deletion compared to monoallelic and diploid tumors, however no significant difference was observed comparing monoallelic and diploid tumors ( Fig. 2B ). A similar trend was observed for CDKN2A protein expression data generated by RPPAs ( Fig. 2A ). Significantly lower protein expression levels were also observed among biallelic deleted tumors but not monoallelic tumors when compared to diploid tumors. Protein expression data for CDKN2B was not available.
Prognostic Significance of Biallelic Inactivation of CDKN2A/B
Disease-free survival and cancer-specific survival was analyzed for association with CDKN2A/B Figure 3B ).
Validation Set from Project GENIE and Seto et al.
Mutation of CDKN2A was observed in one case (n=237) in the Project GENIE dataset belonging exclusively to a metastatic tumor compared to its primary tumor. One CDKN2B mutation was observed in a separate primary tumor ( Supplementary Table 1 ). Furthermore, in the Project GENIE dataset, one primary and 3 metastatic tumors (n=216) presented with CDKN2A/B biallelic deletion.
Thirty-five (16.2%) tumors presented with monoallelic deletion of CDKN2A/B in the GENIE dataset.
The presence of biallelic deletions of CDKN2A/B in a third dataset of 240 ccRCCs was verified.
A total of 5 cases (2.1%) were identified with biallelic deletions, followed by 34 cases Figure 1 ; Supplementary Tables S2 and S3 ). The most significantly altered gene set was loss of expression at 9p21, the region encoding CDKN2A/B
(FDR = 0.0041), consisted with the allelic status of the subgroup being compared. This was followed by underexpressed gene expression on cytobands of chr9, chr4, chr6, chr13, chr14, and chr18. Overexpressed gene sets were represented on cytobands of chr7 and chr20. When comparing biallelic to monoallelic tumors, only two gene sets were enriched: 17q25 was significantly overexpressed and 4q22 was significantly underexpressed. Monoallelic tumors when compared to diploid tumors were enriched for overexpression of 21q22 and underexpression of chr9, chr4, chr6 and chr14 cytobands. 9p21 was also significantly underexpressed, however, ranked lower (7 th versus 1 st ) in its respective list of enriched regions.
Integrated miRNA Profiling and CDKN2A/B Status
Genome-wide analysis of miRNAs for differential expression from the "Level 3" TCGA dataset comprising of 173 cases (See Materials and Methods) was conducted. Fifteen miRNAs (9 overexpressed and 6 under-expressed) were identified as significantly expressed in tumors with biallelic deletions of CDKN2A/B when compared to diploid tumors (Fig. 4) . The well-known oncogenic miRNA, mir-21 was the most highly expressed in biallelic deleted tumors when compared to diploid tumors and when compared to monoallelic deleted tumors (Fig. 4B ). mir-21
was previously demonstrated as a potential diagnostic and prognostic biomarker in ccRCC, with high levels associated with higher grade and stage and poor prognosis (33) . This was followed by overexpression of members of the mir-183 miRNA family (mir-183 and mir-182), mir-9-1 and mir-9-2, mir-146b, mir-193a, and mir-625. The most underexpressed miRNA among biallelic deleted tumors was mir-126 ( Fig. 4B) , which was previously shown to be a marker of poor prognosis with relative low expression of mir-126 in metastatic ccRCC (34) . This was followed by underexpression of mir-30c-2, mir-23b, mir-451, mir-204 and mir-144.
Integrated Protein Profiling and Allelic Status of CDKN2A/B
"Level 3" RPPA data was queried through the cbio Cancer Genomics Portal for enrichment when comparing the three allelic phenotypes (See Materials and Methods). A list of 12 underexpressed and 10 overexpressed proteins were identified when comparing biallelic tumors to diploid tumors ( Supplementary Table S4 and S5). Expectedly, CDKN2A protein expression was significantly underexpressed in biallelic tumors (Figure 2A 
Integrated Pathway and gene signature analysis of CDKN2A/B Allelic Phenotypes
GSAA was also conducted to perform pathway analysis for enrichment of biological pathways, and to also cross-reference previously published gene signatures for significant overlap when comparing the three subgroups (See Materials and Methods). Biallelic deleted tumors were most significantly enriched for genes related to activation of ATR in response to replication stress (p=0.0067; Figure 5 ).
The top and only significant miRNA signature at nominal p-value less than 0.01 identified when comparing both biallelic to monoallelic tumors and to diploid tumors was underexpression of miR-21 target genes (p=0.0073, p=0.0092, respectively). This observation is consistent with miR-21 presenting with the highest overexpression in biallelic tumors compared to both monoallelic and diploid tumors ( Figure 4B ).
DISCUSSION
In this study, CDKN2A/B biallelic deleted tumors were characterized by assessing genome-wide copy number changes and integrated mutation data, gene, miRNA and protein expression, methylation and clinical data. A subset of tumors was identified with CDKN2A/B biallelic deletion in the TCGA dataset. A further set of tumors was identified to have monoallelic deletions of CDKN2A/B and the remaining cases were classified as either diploid or having a low-level gain of the locus (Table 1 ; Figure 1 ). Integrated mutation data identified a rare group of tumors with mutation of CDKN2A, but none with CDKN2B mutations.
Clinically, biallelic deleted tumors were associated with a higher median age and higher grade and stage. Furthermore, biallelic deleted tumors were significantly associate with presentation of metastasis (Table 1) . To better define the clinical impact of biallelic and monoallelic deleted tumors, disease-free survival and cancer-specific survival was analyzed for association with CDKN2A/B status. Patients with CDKN2A biallelic deletion were associated with significantly worse cancer-specific survival than diploid tumors, while the difference in CSS of patients with monoallelic deletion was not significant (Fig. 3A) . Additionally, CDKN2A/B biallelic and monoallelic were significantly associated with worse DFS when compared to patients with diploid tumors. Biallelic deletion was also significantly associated with worse DFS when compared to patients with monoallelic deletion (p=0.004; Fig. 3B ). These results were further validated on an independent dataset (Fig. 3B ).
To better elucidate the biological impact of CDKN2A/B biallelic deletion genome-wide mRNA expression data was integrated. Expression of genes in tumors with a CDKN2A/B biallelic deletion was compared to diploid tumors by GSAA. Twenty-three gene sets were identified as significantly altered between these 2 groups, providing rationale for a biologically distinct phenotype characterized by CDKN2A/B deletions.
Integration of miRNA expression data was conducted for further analysis. Fifteen miRNAs (9 overexpressed and 6 under-expressed) were identified as significantly expressed in tumors with mir-21 the most highly expressed in biallelic deleted tumors (Fig. 4B ).
Further integration of protein (RPPA) data revealed 12 underexpressed and 10 overexpressed proteins when comparing biallelic tumors to diploid tumors ( Supplementary Table   S4 and S5). 
